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The magnetic sensitivity of Hall-effect sensors made of InAlN/GaN and AlGaN/GaN
heterostructures was measured between room temperature and 576◦C. Both devices
showed decreasing voltage-scaled magnetic sensitivity at high temperature, declining
from 53 to 8.3 mV/V/T for the InAlN/GaN sample and from 89 to 8.5 mV/V/T
for the AlGaN/GaN sample, corresponding to the decreasing electron mobility due
to scattering effects at elevated temperatures. Alternatively, current-scaled sensitiv-
ities remained stable over the temperature range, only varying by 13.1% from the
mean of 26.3 V/A/T and 10.5% from the mean of 60.2 V/A/T for the InAlN/GaN
and AlGaN/GaN samples respectively. This is due to the minimal temperature de-
pendence of the electron sheet density on the 2-dimensional electron gas (2DEG).
Both devices showed consistency in their voltage- and current-scaled sensitivity over
multiple temperature cycles as well as nearly full recovery when returned to room
temperature after thermal cycling. Additionally, an AlGaN/GaN sample held at
576◦C for 12 hours also showed nearly full recovery at room temperature, further
suggesting that GaN-based Hall-effect sensors are a good candidate for use in high
temperature applications.
a)halpert@stanford.edu
1
ar
X
iv
:1
91
2.
00
97
7v
1 
 [p
hy
sic
s.i
ns
-d
et]
  2
 D
ec
 20
19
I. INTRODUCTION
Hall-effect sensors are widely used in the automotive industry, in power electronics, and
within inertial measurement units (IMUs) for navigation and position sensing. There is a
growing need for Hall-effect sensors that can operate under extreme conditions, specifically
in high temperature environments such as deep underground (e.g., well-logging) and in
outer space. Applications within the space sector include current monitoring in hybrid
rocket motors, power modules, and spacecraft motor control units1,2. While many spacecraft
experience moderately high temperatures due to solar heating and power dissipation, even
higher temperatures must be endured during missions to planets in the inner Solar System
like Venus, which has surface temperatures that regularly approach 500◦C3.
Electronic components, including Hall-effect sensors, are typically made of silicon due to
its low cost, ease of manufacturing, and compatibility with integrated circuits. However,
silicon-based components begin to breakdown at temperatures beyond 200◦C2,4,5, and thus
external cooling is often required for electronics to operate in high temperature environments.
However, implementing cooling processes requires additional power and contributes further
bulk and complexity to the system, leading to increased size, weight, and overall costs of the
system6. Thus, components that can operate at extreme temperatures without additional
cooling are necessary for achieving higher efficiency, higher reliability, and lower cost.
Wide bandgap semiconductors such as gallium nitride (GaN) and aluminum nitride (AlN)
have been shown to operate up to 1000◦C in vacuum7 and thus are a prime candidate for
electronics for space applications. GaN-based Hall-effect sensors have shown room tempera-
ture sensitivity and offset characteristics similar to those of silicon Hall-effect sensors8–15, but
also reliable operation up to 400◦C2,4,16–18 for short periods of time. In this paper, we inves-
tigate how the sensitivities of InAlN/GaN and AlGaN/GaN Hall-effect sensors change with
temperature (ranging from room temperature to 576◦C), and further examine the change in
sensitivity after exposing the GaN-based sensor to 576◦C for a period of 12 hours.
II. DEVICE MICROFABRICATION
The microfabrication process for the InAlN/GaN and AlGaN/GaN Hall-effect sensors was
similar to that previously reported by us elsewhere8, and a brief description is provided here
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FIG. 1. (a) Cross-sectional schematic and (b) operating principle of Hall-effect sensor.
for clarity. The InAlN/GaN-on-silicon wafer was purchased from NTT Advanced Technology
Corporation, and the AlGaN/GaN was grown by metal-organic chemical vapor deposition
(MOCVD) on a silicon wafer in the Stanford Nanofabrication Facility. For both wafers,
an etch was performed on the III-nitride layer to isolate the mesa, a metal stack of Ti (20
nm)/Al (200 nm)/Mo (40 nm)/Au (80 nm) was deposited and annealed at 850◦C for 35
seconds to form Ohmic contacts, and bond metal (Ti/Al) was deposited on top to allow for
wire bonding. Unlike the process described in Ref. 8, no passivation layer was deposited on
these samples. A cross-sectional schematic of the Hall plate is shown in Fig. 1a.
The InAlN/GaN and AlGaN/GaN sensors tested in this study were octagonal Hall plates.
Those tested for the initial sensitivity sweep were regular octagons, where the sides with
and without contacts are of equal lengths. The InAlN/GaN sample tested had dimensions
d = 100 µm and a = 41.4 µm, where d is the distance between transverse contacts and a is
the length of the sides with contacts, while the AlGaN/GaN sample tested had dimensions
d = 200 µm and a = 82.8 µm. Meanwhile, the Hall-effect plate used for the 12-hour high
temperature test had longer contacts; in this device, the contact length was 2.33 times as
long as the sides without contacts and the dimensions were d = 200 µm and a = 124.4 µm
(described further in Ref. 8).
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FIG. 2. Diagram of experimental setup. During testing, the Hall-effect sensor was epoxied to an
aluminum sheet placed atop the heating stage, and the device was wirebonded directly to pins
connecting to electrical feedthroughs.
III. EXPERIMENTAL
A. Principle of Operation
The principle of operation of Hall-effect sensors is shown in Fig. 1b. Determining the
sensitivity of a Hall-effect sensor requires measuring the Hall voltage (VH), which is defined
as
VH =
IBrnGH
qns
, (1)
where I is the applied current, B is the external magnetic field, q is the electronic charge, and
ns is the sheet electron density of the two-dimensional electron gas (2DEG). This equation
also includes two proportionality constants: rn is the material-based scattering factor, which
has been shown to be ∼1.1 in GaN19, and GH is the geometry-dependent shape factor that
accounts for the short-circuiting effects of having finite contacts (e.g., reduction in Hall
voltage, change in linearity)14,20,21.
The sensitivity of a Hall-effect device with respect to supply current (Si) is inversely
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proportional to ns;
Si =
VH
IB
=
rn
qns
GH . (2)
Reducing the sheet electron density of the 2DEG causes an increase in the sheet resistance;
a constant supply voltage will correspond to a lower supply current, therefore increasing the
current-scaled sensitivity of the device.
In addition, the sensitivity with respect to supply voltage (Sv) is proportional to electron
mobility (µH);
Sv =
VH
VsB
=
rnGH
Rqns
= µHrn
GH
( L
W
)
eff
, (3)
where Vs is supply voltage, R is the device resistance, and (L/W )eff is the effective number
of squares, defined as the ratio of the internal resistance to the sheet resistance22.
B. Test Procedures
To conduct the sensitivity tests, the devices were diced into square dies with side lengths
of ∼2 mm and epoxied with Durabond 952 Epoxy to a 1 in. × 1 in. aluminum sheet
with a thickness of 1 mm, which was subsequently placed on a heating stage manufactured
by Linkam Scientific Instruments. The contacts were wirebonded directly to the electrical
connections of the chamber, which were then connected to a sourcemeter (Kiethley 2400) to
generate a voltage between two contacts, and a multimeter (Agilent 34410A) to measure the
Hall voltage generated across the two transverse contacts. A switching matrix (U2715A) was
used to implement current spinning, by alternating the source and sense contacts between
eight configurations (described in Ref. 8). The heating stage was placed between two copper
coils wound around a 3D-printed scaffold, and current was applied through the coils to
generate a magnetic field of 2 mT. A diagram of the test setup is shown in Figure 2.
For the initial sensitivity sweep, the device was supplied with three different bias volt-
ages (0.3 V, 0.5 V, and 1 V), and ten measurements were taken under each bias condition.
Measurements were first taken at room temperature and then subsequently at higher tem-
peratures in steps of 25-50◦C, until reaching 576◦C. The temperature was then ramped back
down to room temperature. The InAlN/GaN sample underwent two temperature cycles,
while the process was repeated a third time for the AlGaN/GaN sample.
For the 12-hour high temperature test, the same measurements (10 measurements at each
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FIG. 3. Voltage-scaled sensitivity of (a) InAlN/GaN and (b) AlGaN/GaN samples between room
temperature and 576◦C.
of three supply voltages) were taken at room temperature, and then the device was held at
576◦C for 12 hours and subsequently returned to room temperature, where the measurements
were taken once again.
Although the heating stage itself is capable of reaching 600◦C, there was a substantial
difference between the temperature of the stage and that of the device under test at high
temperatures. To characterize the true temperature of the device throughout the exper-
iment, a resistance temperature detector (RTD) was integrated with a Hall plate during
a temperature sweep. The temperature difference between the chuck and the device was
additionally confirmed during a temperature sweep up to 200◦C in which a thermocouple
was epoxied to the aluminum sheet in the same manner as the devices under test. The
temperature readouts between the thermocouple and the RTD matched to within 1.3% and
thus are the temperatures reported here.
IV. RESULTS AND DISCUSSION
Fig. 3 plots the voltage-scaled sensitivity from room temperature to 576◦C for the In-
AlN/GaN and AlGaN/GaN devices with a bias voltage of 0.3 V. The voltage-scaled sensitivi-
ties dropped from 53 to 8.3 mV/V/T for the InAlN/GaN sample and from 89 to 8.5 mV/V/T
for the AlGaN/GaN sample over the temperature range. The mobility of the 2DEG was
calculated from Equation 3, using the voltage-scaled sensitivity, geometry factor, and the
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FIG. 4. Mobility of AlGaN/GaN and InAlN/GaN samples between room temperature and 576◦C.
scattering factor of the device. Fig. 4 plots the temperature dependence of the mobility
for the InAlN/GaN and AlGaN/GaN Hall-effect sensors. The devices have a room tem-
perature mobility of 1052 cm2/V·s and 1704 cm2/V·s for the InAlN/GaN and AlGaN/GaN
respectively, and a mobility of 169 cm2/V·s and 172 cm2/V·s at 576◦C. The mobility de-
crease with increasing temperature follows a power law of 0.11 × (T/300K)−1.79 for the
InAlN/GaN sample and 0.18 × (T/300K)−2.35 for the AlGaN/GaN sample, which agrees
with many results published in literature23. The decline in voltage-scaled sensitivity at high
temperature is largely due to the corresponding decrease in electron mobility, caused by
increased scattering at high temperatures24.
The current-scaled sensitivity of the two devices stayed relatively constant with tempera-
ture (Fig. 5), indicating a stable 2DEG sheet density (Fig. 6). The current-scaled sensitivity
varied by 13.1% from the mean of 26.3 V/A/T for the InAlN/GaN sample and 10.5% from
the mean of 60.2 V/A/T for the AlGaN/GaN sample over the whole temperature range.
Upon closer examination, during the first temperature ramp, the AlGaN/GaN showed a
decrease in 2DEG density until about 350-400◦C and then subsequently an increase (inset
of Fig. 6). This same behavior was described in Ref. 18 and attributed to conduction band
lowering. However, in the subsequent temperature ramps this profile flattened out dramat-
ically, suggesting that conduction band lowering may not actually be the sole cause of this
7
FIG. 5. Current-scaled sensitivity of (a) InAlN/GaN and (b) AlGaN/GaN samples between room
temperature and 576◦C.
behavior.
Another change that appeared to take place between the first temperature cycle and the
ensuing cycles was the current-scaled sensitivity at room temperature. For both material
platforms, the current-scaled sensitivity was at its minimum the first time it was measured,
and it then increased in following cycles. While we at first attributed this to a permanent
change in the material (e.g., thermally-induced strain), conducting further testing revealed
this same behavior (having the lowest sensitivity at the start of the first thermal cycle) many
days later. One possible explanation is that moisture that accumulated on the device was
burned off during the first temperature cycle, temporarily changing the device resistance25.
Sensitivity measurements taken before and after storing an AlGaN/GaN device at 576◦C
for 12 hours showed the ability of the sensor to survive extreme temperatures for an ex-
tended period of time. The voltage-scaled sensitivity changed from 92 mV/V/T before
being subjected to high temperature to 86 mV/V/T afterward, while the current-scaled
sensitivity changed from 38.9 V/A/T to 39.7 V/A/T. Thus, the voltage- and current-scaled
sensitivities shifted by -6.5% and 2.6% respectively, suggesting nearly full recovery. The
variation between the ten measurements taken before the thermal storage was less than
1% for both sensitivity metrics, as was also the case for the ten measurements taken after
thermal storage.
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FIG. 6. 2DEG sheet density of InAlN/GaN and AlGaN/GaN samples as a function of temperature
from room temperature to 576◦C. The inset shows the AlGaN/GaN 2DEG sheet density over
temperature on tighter axes.
V. CONCLUSIONS
We tested the sensitivity of InAlN/GaN and AlGaN/GaN Hall-effect plates across a range
of temperatures between room temperature and 576◦C. Both material platforms showed de-
creasing voltage-scaled sensitivity with increasing temperature, proportional to the decrease
in mobility due to scattering effects. The devices showed relatively stable current-scaled
sensitivities across the temperature range, suggesting a stable 2DEG sheet density. Addi-
tionally, the ability of the AlGaN/GaN sensor to survive 12 hours at 576◦C and recover to
nearly its original sensitivity values after returning to room temperature suggests the dura-
bility of this material for extreme environment applications. Further work will examine the
behavior of these devices as they are subjected to high temperatures for longer periods of
time, to more closely simulate the conditions of space missions and quantify the reliability
of the sensors through lifetime testing. Finally, we plan to test these sensors in other ex-
treme aspects of the space environment (e.g., gamma radiation) to further investigate their
potential for use in space applications.
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